In our study, we report a facile solvothermal method for the synthesis of Bi 2 S 3 nanoparticles with unique morphologies using water and mixed solvent systems, such as ethylene glycol/water (1:1, v/v) and butyldiglycol/water (1:1, v/v). Altering the solution mixtures used in the solvothermal synthesis allowed the shape of the Bi 2 S 3 nanoparticles to be controlled. The synthesis of Bi 2 S 3 in water at 150°C for 24 h led to the formation of sphere-like particles 100-300 nm in size. Very uniform spherical nanospheres with diameters from 50 to 90 nm formed when ethylene glycol/water mixture (1:1, v/v) was used as the solvent under the same solvothermal conditions. The butyldiglycol/water mixture promoted the formation of plate-shaped Bi 2 S 3 nanoparticles composed of nanorods. The electrochemical properties of the Bi 2 S 3 samples were determined in a three-electrode cell in 6 mol L -1 KOH using cyclic voltammetry, galvanostatic charging/discharging and impedance spectroscopy. Among the synthesized materials, the Bi 2 S 3 sample obtained in the butyldiglycol/water mixture exhibited a superior capacitive behavior with an outstanding capacitance of 550 F g -1 (at 0.5 A g -1 ), and great cycle stability, which was reflected by a capacitance retention of 87% after 500 charge/discharge cycles. These results demonstrate the high potential of Bi 2 S 3 as an active electrode material for supercapacitors.
Introduction
Electrochemical energy storage systems include supercapacitors, batteries and fuel cells. Supercapacitors have advantages over well-known electrochemical storage devices, such as large power capability and long cycle life (up to 10 6 cycles) [1, 2] .
Despite their exceptional ability to withstand and produce high currents, supercapacitors exhibit relatively low energy densities, which are proportional to the capacitance (C, expressed in Farads) and potential difference (V, given in Volts), as shown in the following equation:
In addition to poor energy density, supercapacitor technology has another issue that should be addressed. The majority of commercial supercapacitors work in expensive and flammable organic media, such as TEABF 4 dissolved in acetonitrile, resulting in high manufacturing costs and reduced operational safety [3] . The currently fast-growing technology of aqueous-based supercapacitors that operate in lowcost and environmentally friendly electrolytes is a key approach to further develop devices with improved energy densities.
The operational parameters of supercapacitors, including their power and energy density, are dependent on the applied electrode; therefore, there is now a great deal of interest in the development of electrode materials that provide high capacitance values and can work in wide potential windows [3] . Despite the excellent power capability and high electrochemical stability of the classical activated carbon electrodes widely used for commercial applications, they still exhibit relatively low specific capacitances, not exceeding 200 F g -1 , while operating in aqueous electrolytes [4] . Over the past two decades, many studies have been conducted on both the synthesis and application of transition metal oxides, such as MnO 2 [5] [6] [7] [8] , NiO [9] , Co 3 O 4 [10, 11] , Fe 2 O 3 [12, 13] and Fe 3 O 4 [14] , as electrodes for supercapacitors. The pseudocapacitive charge storage mechanism of oxides is different from the mechanism based on electrical double layer (EDL) formation at the carbon electrode-electrolyte interface, which enables distinctly higher capacitance values due to fast and reversible redox reactions [15] .
Recently, metal sulfides, which have slightly higher electrical conductivities than metal oxides, have been shown to be promising candidates for electrochemically active materials in lithium-ion batteries (LIB) and supercapacitors [16] [17] [18] . One metal sulfide, Bi 2 S 3 , is a layer-structured semiconductor, which crystallizes in an orthorhombic system. This metal sulfide has attracted scientific interest for a broad range of applications, including electronic and optoelectronic devices [19] , photocatalysis [20] [21] [22] and hydrogen storage [23, 24] . Recently, the unique pseudocapacitive behavior of Bi 2 S 3 , which was reported by Nie et al. [25] , has attracted more attention, and the metal sulfide has been studied as a supercapacitor electrode material [20] [21] [22] [24] [25] [26] [27] [28] [29] [30] [31] [32] due to its remarkable specific capacitance reaching up to 400 F g -1 [33] . The key to further progress in electrode material design is to establish the effect of different properties, such as the nanoparticle size and morphology of synthesized metal sulfides, on the electrochemical performance. Therefore, attempts have been made to develop an easily replicated and morphology-controlled synthesis method for Bi 2 S 3 . Thus far, the most commonly reported Bi 2 S 3 structures are nanorods [20, 23, 25, 28, [34] [35] [36] and more complex architectures, such as nanoflowers [24, 27, 29, 32] or nanospheres [37] , composed of nanorod-like units. All of these structures have been obtained using various approaches, including solvothermal syntheses [21, 22, 27, 28, 30, 34, 38] . The nanostructure of Bi 2 S 3 is highly sensitive to synthesis parameters such as the substrate molar ratio [27, 34] , temperature [22, 34, 39] , synthesis time [34] and sulfur precursor [38, 39] . However, optimizing the solvothermal process by altering the solvent mixture has not attracted much attention. According to previous reports [39, 40] , syntheses in mixed solvents favor the formation of nanostructures with more uniform sizes and uncommon architectures compared with syntheses in single solvents. Most reports have focused on the synthesis of Bi 2 S 3 in water [19, 22, 23, 25, 27, 34, 38, 41] . The usage of other solvents, including ethanol [21] , ethylene glycol [20] or glycerol [36] , has been rarely reported.
In this study, we proposed a morphology-controlled synthesis of Bi 2 S 3 nanostructures by a solvothermal approach with different solvent mixtures, such as ethylene glycol/water (1:1, v/v) and a novel butyldiglycol/water (1:1, v/v) system. Butyldiglycol, also known as diethylene glycol butyl ether, is an inexpensive solvent that is easily miscible with water and used in many commercial products. Despite its interesting surfactant-like properties, butyldiglycol has not yet been used in the synthesis of metal sulfides. The morphological-electrochemical property dependence of the Bi 2 S 3 electrodes was evaluated in a three-electrode cell operating in a wide potential window between -0.1 and -0.9 V. The Bi 2 S 3 nanorods synthesized in the butyldiglycol/ water (1:1, v/v) mixture exhibited the best electrochemical performance, as reflected by their outstanding specific capacitance of 550 F g 
Material characterization
The structure of the obtained materials was determined using the X-ray diffraction (XRD) spectra recorded on an Ultima IV Rigaku analyzer using CuKa radiation (k = 1.54056 Å ) at 40 kV and 30 mA.
To determine the surface elemental composition and valence states of Bi and S in the products, X-ray photoelectron spectroscopy (XPS) analyses were performed using a PHI 5000 VersaProbe instrument. Field emission scanning electron microscopy (FESEM) and high-resolution transmission microscopy (HRTEM) micrographs were acquired with a Merlin Zeiss field emission scanning electron microscope operating at an accelerating voltage of 3 kV and a FEI TITAN 3 G2 60-300 microscope, respectively. The porous structure of the products was determined by nitrogen adsorption at 77 K on an Autosorb IQ gas sorption analyzer (Quantachrome). The specific surface area and pore size distribution of the Bi 2 S 3 samples were evaluated applying the Brunauer-Emmett-Teller (BET) and quenched solid-state functional theory (QSDFT) methods, respectively. The total pore volume (V T ) was calculated from the adsorption isotherms at p/p o = 0.96. The DubininRadushkevich equation was used to assess the micropore volume (V mic ). The mesopore volume (V mes ) was evaluated as the difference between V T and V mic .
Electrochemical measurements
The electrochemical performance of the tested electrodes was evaluated in a three-electrode configuration in a 6 mol L -1 KOH aqueous electrolyte using cyclic voltammetry (CV) and galvanostatic chargedischarge (GCD) measurements with a VMP3 Biologic potentiostat/galvanostat (France). The electrochemical impedance spectroscopy (EIS) investigation was carried out at the open-circuit potential in the frequency range from 100 kHz to 10 mHz. The Bi 2 S 3 -based pellets obtained by mixing the electroactive material, polyvinylidene fluoride (PVDF) and acetylene black at a mass ratio of 75:10:15 were used as the working electrodes, and activated carbon (AC) and Hg/HgO were the counter and reference electrodes, respectively. The AC pellet consisted of 85% active material (KOH-activated carbon from mesophase pitch-based semi-coke), 10% PVDF and 5% acetylene black. The pellet preparation included mixing the active material, percolator and binder in acetone, pressing the as-obtained homogenous slurry at a pressure of 18 MPa and drying the slurry at 110°C for 1 h. To eliminate the influence of the mass on the capacitance, the pellets had comparable masses of approximately 5 mg. The electrochemical behavior of the electrode materials was characterized based on the CV curves recorded at scan rates of 1 and 100 mV/s and the galvanostatic discharge curves measured in the current density range of 0.2-20 A g -1 . The specific capacitance (C), expressed in F g -1 , was calculated according to Eq. 1 for the CV measurements and Eq. 2 for the GCD measurements:
where I, v, DV, t and m are the current (A), scan rate (mV s -1 ), applied potential window (V), discharge time (s) and mass of the electroactive material in one electrode (g), respectively.
Results and discussion
Physicochemical properties of Bi 2 S 3
The crystalline structure of the as-synthesized Bi 2 S 3 samples was determined by XRD. Figure 1 (120), (220), (101), (310), (130), (211), (221), (410), (311), (240), (041), (430), (440), (501), (312), (640), (152), (721) and (651) planes of the orthorhombic phase of Bi 2 S 3 , respectively [42] . The sharp peaks prove that high crystallinity Bi 2 S 3 is successfully synthesized using the applied process. Furthermore, secondary crystalline phases, such as crystalline bismuth, sulfur or bismuth oxide, are not present, indicating the high purity of the resulting products. These results correspond well with other reports [24] and confirm that a long reaction time and a synthesis temperature above 140°C lead to high-purity crystalline Bi 2 S 3 . As follows from the XRD patterns in Fig. 1 The detailed surface composition of the obtained products was examined by XPS. The XPS survey spectra (Fig. 2a) show signals for only Bi and S, which is consistent with the XRD analysis. The chemical state of Bi 2 S 3 was further investigated by high-resolution Bi 4f and S 2p XPS spectra (Fig. 2b-d) . The Bi 4f spectrum of Bi 2 S 3 -W (Fig. 2b) (Fig. 2c) and 157.7 and 163 eV for Bi 2 S 3 -BG/W (Fig. 2d) Effect of the solvent mixture on the Bi 2 S 3 morphology
The Bi 2 S 3 samples were further investigated by FESEM and HRTEM to determine the influence of the solvent on their morphology and microstructure. Figure 3 depicts the representative FESEM images of Bi 2 S 3 synthesized in different solvent systems. The solvent is a critical parameter in a solvothermal synthesis that affects the morphology and size of the growing Bi 2 S 3 particles. A sphere-like morphology is characteristic of Bi 2 S 3 -W (Fig. 3a) , which forms aggregates with sizes of 200-300 nm that are composed of clearly distinguishable, small, bean-like particles (Fig. 3b) . Highly homogenous and wellseparated nanospheres of Bi 2 S 3 with sizes in the range of 50-90 nm formed during the synthesis in ethylene glycol/water (Fig. 3c, d ). In turn, plateshaped nanoparticles were observed when the butyldiglycol/water (1:1, v/v) mixture was used (Fig. 3e, f) . The HRTEM analysis (Fig. 4) [20-22, 25, 28, 30, 34, 38, 44, 46] . The strong tendency of Bi 2 S 3 crystals to rapidly and preferential grow along one direction (c axis) to form nanorod particles could be a result of the inherent Bi-S chain-type structure [38, 46] . Other reported morphologies of Bi 2 S 3 include flowers [24, 27, 29, 32] , dandelions [38] , nanospheres [37] and microspheres [35] , which are three-dimensional architectures composed of nanorod-like particles oriented in different directions. In our study, we demonstrate that the use of a suitable solvent or mixture of solvents enables the formation of nanometer-sized Bi 2 S 3 with unique structural forms, including microspheres composed of bean-like units (Bi 2 S 3 -W) and homogeneous nanospheres (Bi 2 S 3 -EG/W). Recently, a solvothermal synthesis in a mixed solvent system (including water as a system component) has been shown to be an effective approach for the synthesis of nanostructures with novel shapes and uniform sizes, such as skeleton spheres, cubes, yarn balls and roses [39, 40, 47] . As previously reported [40] , adjusting the solvent components and their ratios allows the growth of a metal sulfide with a diverse morphology to be controlled.
The growth of crystal nuclei under solvothermal conditions is determined by the various physical properties of the solvents, including the viscosity, boiling point, surface tension and polarity [36, 37] . The high diffusion rate of ions in a water solution can promote the aggregation [48] of growing Bi 2 S 3 nanoparticles, resulting in the formation of spherical aggregates of Bi 2 S 3 -W. Smaller particles of Bi 2 S 3 are obtained when using mixed solvents. Ethylene glycol, which acts as a complexing and capping agent [49] , is thought to hinder the favorable anisotropic growth of Bi 2 S 3 crystals to yield small spheres with a narrow size distribution (Fig. 3c, d) . The butyldiglycol-water system supports the growth of Bi 2 S 3 nanorods with relatively small aspect ratios as demonstrated in this study (Fig. 4e, f) .
Nitrogen adsorption-desorption isotherms (Fig. A1) were used to determine the textural parameters of Bi 2 S 3 . According to the BrunauerDeming-Deming-Teller (BDDT) classification, Bi 2 S 3 presents type-IV N 2 sorption isotherms, which are characteristic of mesoporous materials. The calculated textural properties of the samples are given in 
Electrochemical measurements of Bi 2 S 3
The electrochemical performance of the Bi 2 S 3 samples synthesized in different solvent mixtures was determined using CV and GCD measurements. shows the typical CV profiles of Bi 2 S 3 -W, Bi 2 S 3 -EG/ W and Bi 2 S 3 -BG/W that were recorded at scan rates of 1 mV/s (Fig. 5a ) and 100 mV/s (Fig. 5b) . As illustrated by the cyclic voltammograms, the tested Bi 2 S 3 -based electrode materials operate in a wide potential window from -0.1 to -0.9 V, resulting in a high current response. The distinct redox peaks ascribed to the pseudocapacitive behavior of Bi 2 S 3 appear at -0.6 and -0.45 V during the anodic and cathodic sweeps, respectively. The redox couple can arise from the change in the bismuth valence state (Bi 3? /Bi 0 ) [28, 50] or be induced by the frequently reported reversible reaction between Bi 2 S 3 and the OH -ions in the electrolyte (Bi 2 S 3 ? OH -? Bi 2 S 3-OH ? H 2 O ? e -) [20] . In our work, the positions of redox peaks in the CV curves perfectly match the potential values for the Bi 3? /Bi 0 change in the Bi 2 O 3 -based electrodes reported in the literature. The other redox peak pairs observed in Fig. 5a could be related to the adsorption-desorption of hydrogen in Bi 2 S 3 [23] . However, as the scan rate increases, most of the redox peaks fade, and at 100 mV s -1 , only one redox couple, which is attributed to the reversible adsorption of hydrogen, can be distinguished (Fig. 5b) . The specific capacitances of Bi 2 S 3 -W, Bi 2 S 3 -EG/W and Bi 2 S 3 -BG/W, as calculated from the CV curves recorded at 1 mV/s, are 608, 630 and 615 F g -1 , respectively. However, Bi 2 S 3 -BG/W, which has a specific capacitance value of 168 F g -1 (at 100 mV s -1 ), demonstrates a superior rate capability compared with that of Bi 2 S 3 -W (106 F g -1 ) and Bi 2 S 3 -EG/W (118 F g -1 ). In accordance with the CV results, the GCD discharge curves of the Bi 2 S 3 electrodes (Fig. 5c) show two distinct plateaus at -0.6 V and -0.85 V indicating the pseudocapacitive nature of the charge storage in Bi 2 S 3 . Figure 5d shows that the smaller plateau at -0.85 V disappears at a high current density of 10 A g -1 because of diffusion limitations and the resulting insufficient intercalation of the electrochemically active material with the electrolyte ions at high current densities. The relationship between the specific capacitance and current density of the Bi 2 S 3 electrodes determined based on the GCD measurements is shown in Fig. 6a The resistive properties of the Bi 2 S 3 electrodes were evaluated via EIS analysis (Fig. 6b) . The impedance spectra consist of a semicircle in the high-frequency region (the inset of Fig. 6b ) and a line in the lowfrequency range, which correspond to the charge transfer resistance (R ct ) and diffusion/transport resistance (R w ) of the ions in the electrolyte, respectively. The remarkable electrochemical performance of the Bi 2 S 3 -BG/W electrode can be ascribed to its good conductive properties, which are reflected by a very low bulk resistance (R s ) (0.08 X). In comparison, the recorded R s values for Bi 2 S 3 -W and Bi 2 S 3 -EG/W are 0.14 and 0.13 X, respectively. The nearly vertical line for Bi 2 S 3 -BG/W in the low-frequency region indicates high ion mobility in the electrolyte and fast adsorption on the electrode surface. Meanwhile, the lower slopes of this curve in the same region, recorded for Bi 2 S 3 -W and Bi 2 S 3 -EG/W, can suggest diffusion difficulties of ions into the pores of electrode material [18] . The largest semicircle diameter (R ct = 0.80 X) was recorded for Bi 2 S 3 -EG/W, suggesting the high intrinsic resistance of this electrode material and sluggish redox reaction kinetics, which result in a rate capability worse than that of the Bi 2 S 3 -W (0.40 X) and Bi 2 S 3 -BG/W (0.63 X) electrodes.
These results demonstrate that the Bi 2 S 3 morphology affects the conductive and electrochemical properties of the electrode material. The superior charge mobility of the Bi 2 S 3 -BG/W nanoplates is related to the presence of nanorod-like particles in the sample, and these particles provide short paths for unrestrained electron transport along their axis at high charge/discharge rates [51] . In turn, the electron propagation mechanism in Bi 2 S 3 micro-and nanospheres is expected to be more random, i.e., without a preferential direction, resulting in insufficient utilization of the electroactive sites for redox reactions at high current densities. Ramasamy et al. [52] also confirmed the advantage of a nanoplate-like morphology over other morphologies for supercapacitor applications and indicated that a layered nanoplate structure ensures effective insertion and extraction of electrolyte ions.
The cyclability test of the Bi 2 S 3 samples was performed at a current density of 1 A g -1 for 500 cycles, as shown in Fig. 7 . A remarkable electrochemical stability is obtained for Bi 2 S 3 -BG/W and Bi 2 S 3 -W, and they retain 87% and 73% of their initial capacitances, respectively, after the galvanostatic charge/discharge test. The presented cycling performance of the Bi 2 S 3 electrodes is comparable to that reported for Bi 2 S 3 / rGO composites [20, 25] . Distinct variations in the specific capacitance are observed up to the 200th cycle and are followed by a stabilization period (almost a constant capacitance retention) in the samples. This type of behavior has also been reported in previous studies [6, 27] . The above-mentioned capacitance changes can be ascribed to the electrode material adjusting to the mechanical stress induced by the reversible insertion/de-insertion of electrolyte ions into the bulk material [25, 53] . Thus, the improvement in the specific capacitance during cycling could be due to the active surface area for charge storage increasing. The Bi 2 S 3 -EG/W electrode demonstrates the worst cycling stability among the tested materials, which is reflected by a low capacitance retention of 30% after 500 cycles. This may suggest the strong tendency of the nanosphere-like particles of Bi 2 S 3 -EG/W to aggregate during the cycling test, leading to significant changes in morphology and decreasing capacitive properties. Moreover, morphology rearrangements during cycling can result in the loss of electroactive material, resulting in the gradual capacitance decline [26] .
Conclusions
In conclusion, the solvent system in a solvothermal approach is a critical parameter that determines the morphology of the obtained Bi 2 S 3 . The syntheses in water and ethylene glycol/water (1:1, v/v) and butyldiglycol/water (1:1, v/v) mixtures led to the successful formation of very pure sphere-, nanosphere-and nanoplate-like particles of Bi 2 S 3 , respectively. The as-synthesized Bi 2 S 3 samples have different electrochemical behaviors and cycle performances based on their morphologies. Of the samples, Bi 2 S 3 -BG/W exhibits the best capacitive performance over the whole range of current densities with a high specific capacitance of 550 F g -1 at 0.5 A g -1 . This sample also has a remarkable rate capability of 72% at a high current density of 5 A g -1
, due to the nanorod-like units assembling into nanoplate structures, which favors rapid electron transfer in the electrode material. Furthermore, Bi 2 S 3 -BG/W demonstrates a very good electrochemical stability with 87% capacitance retention after 500 charge-discharge cycles. This work encourages the future design and engineering of hybrid materials with a graphene material to further improve the performance of Bi 2 S 3 -based electrodes for supercapacitors.
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